In order to protect the electronic components of electronic devices on a printed circuit board (PCB) against electromagnetic radiation, a conductive shield-can or box is normally attached to the PCB covering the electronic components. In particular, handheld electronic devices are prone to be subjected to drop impact. This means that the products would experience a significant amount of out-of-plane deformation along the PCB, which may cause stresses eventually resulting in solder joint failures. The attached shield-can could provide additional mechanical strength and minimize the out-of-plane deformation, especially where the electronic package is located. In this study, both the dynamic responses of the PCB and the characteristic life of solder joints with different shield-can designs were investigated, which are seldom explored by other researchers. In the boardlevel drop tests, a noncontact full-field optical measurement technique, digital image correlation (DIC) with images taken by stereo-high-speed cameras, was used to obtain full-field displacement data showing the dynamic responses of the PCB during the drop impact. PCBs with a fine ball grid array (FBGA) package were prepared with various types of shield-can attached. From the experimental results the effects of different shieldcan types, varying in shape and size on the dynamic responses of the PCB, were analyzed. In addition, the number of drops to failure for each shield-can was also recorded by an event detector. Using ANSYS/LS-DYNA, an accurately validated finite element model has been developed. Then the stress analysis could be performed in order to study the failure mechanism by finding the maximum tensile stress of the solder joints during the drop impact and correlate the stress results with the characteristic life of solder joint.
Introduction
The most common solution for controlling electromagnetic compatibility might be shielding by using metal enclosures so that it keeps harmful interference out or unwanted emissions in. Especially at the PCB level, a small shield-can can be selectively applied to the problem areas of a circuit, directly protecting the components from electromagnetic emission. In addition, since handheld devices are widely used in our daily life, the drop impact is prone to occur to those devices, which not only causes the mechanical failure of their housings, but also induces the failure of components mounted on the PCB. The primary cause of these failures is excessive flexing of the circuit board due to input acceleration to the board created by dropping the handheld electronic product, which causes relative motion between the PCB and the attached components, resulting in component, interconnect, or board failures [1] . From a mechanical engineering standpoint, a shield-can could provide more mechanical strength to the PCB, which may reduce board deflection when it is subjected to a drop event.
A great amount of analytical and experimental research has been reported regarding the board-level drop test over the past few years [2] [3] [4] [5] [6] [7] to investigate the failure mechanism and predict the impact life. However, most of this research was achieved without consideration of the attached shield-can effect. This study is to investigate the effect of the shield-can and its design on the dynamic responses of the PCB and impact life.
For the experiments in this work, the PCB with an FBGA package solder jointed was prepared with various designs of shield-cans attached. These test vehicles were mounted on the drop table. A board-level drop test was conducted. Additionally, by using stereo high-speed cameras, images were collected at a rate of 14,000 frames per second before and after the shock table strikes the rigid surface. Then, the DIC was applied by importing these images to monitor and document the dynamic responses of the PCB during drop impact. This experimental technique was well validated by previous works in terms of the accuracy of deformation and strain calculation in DIC [8] [9] [10] [11] [12] . Therefore, the effect of the initial gap and shield-can design, including the mounting type on the dynamic responses of the PCB, was experimentally analyzed.
In contrast to the drop test, which is time-consuming and laborious, a transient analysis using finite element analysis (FEA) can easily generate a full-field out-of-plane deformation distribution of a PCB during the drop impact. Therefore, a 3D FEA model has been developed to analyze the dynamic responses of PCBs using ANSYS/LS-DYNA TM . For validating the FEA model, a special technique was developed by introducing a fictitious bonding material between the shield-can and the mounting surface to represent their dynamic interactions during the impact duration. Finally, the stress analysis on the solder joints was achieved to investigate the failure mechanism and identify the failure criteria in the drop test.
Both the simulation studies and experimental results are useful since they provide an insight into the drop event and improve the design of the shield-can in order to increase the drop reliability under impact loading.
Experiment Setup
A typical board-level drop test setup [9, 10] is shown in Fig. 1 . The PCB was mounted to the drop table of a Lansmont V R M23 drop tester with the component and shield-can facing down. The 1 shock table was raised to the specified height and dropped on the strike surface while measuring the g-level, pulse duration, and pulse shape. Multiple drops may be required while adjusting the drop height and strike surface to achieve the specified g-levels and pulse duration. The test board and test setup did not strictly follow the JEDEC test standard in this work, however, in order to provide a reproducible assessment of the drop test performance of the shield-can, the JEDEC standard half-sine, the pulse with 1500 g peak acceleration and 0.5 ms pulse time (see Fig. 2 ), was obtained and used as the input pulse.
Digital Image Correlation With High-Speed Cameras.
The key requirement of this experiment is to accurately measure the time-history response of the PCB assembly to the impact load. Therefore, the high-speed imaging system was integrated with the DIC system to analyze the full-field image series captured by the cameras.
Digital image correlation is a full-field optical measurement technique in which both the in-plane and out-of-plane deformations can be computed by comparing the pictures of the target object at the initial and deformed stages. Thousands of unique correlation areas (known as facets) are defined across the entire imaging area. As shown in Fig. 3 , a random speckle pattern with high contrast is applied over the PCB surface using black and white paint sprays. Then these facet centers are tracked, in each successive pair of images, with an accuracy of up to one hundredth of a pixel. Finally, by using the principles of photogrammetry, the coordinates of each facet are determined for each set of images. The results are the 3D shape of the component, the displacements, and the strains. Rigid-body motion can first be quantified and then removed to reveal relative deformations [9] [10] [11] .
A stereo high-speed digital camera has been set up to capture pictures of the board surface during impact frame by frame, with a frequency of up to 14,000 frames per second. Pre-and postimpact portions of the drop were extracted in the form of series of images from Phantom V R . These images were then exported to ARAMIS V R for solving the full-field deformations, 3D shape, and the strain of the PCB. The corners of the PCB were chosen, depending on how the PCB was mounted to the drop table, as reference points for the purpose of 'movement correction' in ARAMIS to eliminate rigid-body motion so that the relative out-of-plane deformation was calculated.
A preliminary experiment was conducted to correlate results from the DIC with accelerometer measurements taken simultaneously during the drop impact. A good correlation was obtained between both measurements of output acceleration. This provided sufficient confidence in the current testing methodology and the DIC system [12] .
Test Vehicle.
The test board (100 mm Â 50 mm Â 0.8 mm) has four mounting screw holes and was mounted to the drop table through standoffs (washers). A 332FBGA package, The shield-can, which is made of a thin aluminum sheet (0.2 mm in thickness), of the same design, is attached to the PCB through a frame type or clip type connection. Figure 4 (a) shows a frame welded on the PCB. The frame is slightly larger than the edge circumference of the shield-can walls in order to hold the shield-can by the spring force of the flexing walls. On the contrary, for the clip type connection, as the lower PCB shows in Fig. 4 (a), several U-clips are welded onto the PCB to clamp the shield-can edges.
As shown in Fig. 4 (b), the clip type connection is applied to all shield-cans of different designs with different sizes in the following impact tests to investigate the effects of the shield-can size and shape. The weight of the small square, large square, small polygon, and large polygon shield-cans are 0.55 g, 0.97 g, 0.65 g, and 1.21 g, respectively.
Board-Level Drop Test Results
The height of the washer is slightly higher than the height of the shield-can to apply different initial gap sizes between the bottom surface of the shield-can and the shock table (see Fig. 5 ). During the drop impact, the flexural oscillation of the PCB was restrained by the small initial gap, which mimics the dynamic behavior of a PCB normally observed in ultracompact handheld electronic devices.
3.1 Effects of Shield-Can Connection Type. The shield-can connection can be categorized into frame type and clip type connections. Therefore, the effects of the shield-can connection type on the dynamic responses of the PCB were investigated through drop tests with a 0.2 mm initial gap.
The DIC provides a contour plot of the displacements and strains along with the time-history data. The full-field deformation contour plot of the PCB (as shown in Tables 1 and 2 ) reveals the quantized location of maximum displacement, where the electronic component is most likely to fail on the PCB.
The time-history data of the maximum deformation points, which are around the PCB's center (see Table 1 ), were also extracted from the DIC. According to Fig. 6 , there is more rigid mechanical support to the PCB for the frame type than the clip type connection, as indicated by a slight reduction of the out-of-plane deformation. Since the shield-can configurations are the same for both connection methods, the bending characteristic is similar in terms of the vibration frequency, while the amplitude is different, as shown in Fig. 6 . It can be concluded that the clip type connection provides almost the same mechanical support as the frame type. We could expect a similar impact life of an electronic package for those two connection types. However, compared to the frame type connection, the clip type connection has unique advantages in terms of the efficient use of the PCB space, cost reduction, and easy repairs. Therefore, the clip type connection is more recommended in the handheld electronic devices.
Effects of Initial Gap.
In the following drop tests, the initial gaps chosen are: Gap 1: 0.1 mm, Gap 2: 0.4 mm, and Gap 3: 0.5 mm. Since the PCB's bending mode shape depends on the shield-can configurations, for a square shaped shield-can, the PCB has the maximum out-of-plane deformation around its center, as shown in Table 2 , which is slightly different from the polygon shaped shield-can.
The bending down process of the PCB is limited by the initial gap size. As indicated in Fig. 7 , the negative peak amplitude increases as the initial gap increases. According to the comparison between Figs. 7(a) and 7(c), more rigid mechanical support to the PCB for the polygon shaped shield-can than the square shape is indicated by a reduction of the maximum deformation (from À0.57 mm to À0.51 mm for both large shield-cans).
3.3 Effects of Shield-Can Shape and Size. As is clearly indicated in Fig. 8 , the time-history displacement data of the PCB's center point shows that the first negative peaks are almost the same for both cases. However, the amplitude of the following positive peaks decreases as the shield-can size increases, simply because the large shield-can will apply more constraint to the PCB during its bouncing-back process. The oscillation frequency of the large shield-can is lower than the small one, also indicating that the small shield-can provided less constraint. In addition, the decay rate of the large shape shield-can amplitude was faster due to more energy being dissipated through the large shield-can.
Characteristic Life
In order to investigate the effect of the shield-can size and shape on the reliability of the electronic component, an event detector was applied to constantly monitor the resistance of the daisy chained circuits (see the bottom edge loop and bottom loop in Fig. 9 ) throughout the test and record the number of drops to failure. A failure was recorded when the resistance of the daisy chain exceeded the 1000 X threshold resistance for 200 ns at least four times in a sequence of six drops. Square and polygon shaped shield-cans were tested at Gap 2 (0.4 mm) with five test samples at each size.
A failure analysis of the drops to failure from the impact tests was conducted using a two-parameter Weibull distribution model
where F(t) is the cumulative failure distribution function, g is referred to as the characteristic life and is the number of failure cycles at which 63.2% of the devices failed, and b is the shape parameter.
The drop reliability is shown as a Weibull distribution in Fig. 10 . In this test, the characteristic life (N63) of the large square shield-can, small square shield-can, and small polygon shield-can are 166, 434, and 547 drops, respectively. It is clearly shown that the small square shield-can increases the reliability of the package to the drop impact. According to experimental results, the outer daisy chained circuit (monitored by channel 4 and marked as a blue line in Fig. 9 ) fails much earlier than the inner daisy chained circuit (monitored by channel 2 and marked as a red line in Fig. 9 )
Conventionally, the out-of-plane deformation of the attached PCB is always of major interest to manufacturers since it relates to the stress causing failure for the solder balls [13, 14] . However, contrary to this common perception, the small square shield-can, with a higher PCB deflection, has shown a longer impact life of the package, indicating lower stress in the solder balls. Therefore, a stress analysis of the solder joints is numerically perforemed to investigate the failure mechanism in relation to the PCB deflections. 
Finite Element Model
A 3D finite element (FE) model was built and the input-G method was used to effectively perform a transient analysis by using ANSYS/LS-DYNA. The PCB and shield-can were modeled with shell163 while the screws, washers, and package were modeled in detail with solid164. Solder balls at the corner were modeled in detail while equivalent cubes were used to represent all other solder balls in this work (see Fig. 11 ).
All components were treated as isotropic material, except for the solder joint, as shown in Table 3 . The trilinear elastic-plastic model was applied to the SAC405 solder joints as the stress-strain relationship schematically shown in Fig. 12 [14] . The Young's modulus of the PCB, which is a critical parameter in the characterization of the dynamic behavior, was obtained from a tensile test.
Nodes on the bottom surface of the washers and screws along with the thread of the screws were constrained in all degrees of freedom ( Fig. 13) , which was representing the experimental conditions. Several contact pairs had to be defined in the simulation model to treat the contact during the impact event. Thus, surface to surface contact was defined for the interfaces of the PCB/washer and the PCB/screw. Auto surface to surface contact was used to define the contact between the shield-can bottom and top surfaces of the shock table, which was modeled as a rigid surface.
Both the clips and the shield-can were modeled by a shell element. A fictitious bonding material was created as a medium to connect the shield-can with the clips, as shown in Fig. 14. In reality, the shield-can is clamped by the clips through the friction under the spring (flexure) force between them. During the bending deformation of the PCB, the shield-can may slide along the frame sidewall. Therefore, a fictitious bonding material, as an interface, can deform and can be made to approximately match the relative displacement by varying its flexibility. In this model, the fictitious bonding material was chosen to be very soft with Young's modulus equal to 1 GPa. The correlation between the simulation and experimental results was dramatically improved through this method [15, 16] . Figure 15 shows a reasonably good agreement between the simulation and experimental results (Gap 2) due to the fact that the vibration frequency and phase for both the simulation and experiment closely match one another. However, according to the time-history displacement response results, the simulation overestimated the rebound amplitudes, indicating that there were additional constraints or energy dissipation unaccounted for in the simulation.
Simulation Results.
Through the comparison of the experimental results, the errors of the first displacement peak between the simulation and experiment are 27% (large square shield-can) and 28% (small square shield-can). This validated FE model is a prerequisite for the further stress analysis of the critical solder joints.
Stress Analysis.
The solder joints in the FEA model were observed to have the stress concentration along the solder/ PCB interface at the outermost corner (see Fig. 16 ), which correlates well with the typical failure mode. The failed test vehicles were cross-sectioned and were more frequently found to have a crack along the solder/PCB interface rather than on the component side of the outermost corner (see Fig. 17 ).
The peeling stress (Sz) of the critical solder joint is used as the failure criteria during the drop impact in this work, which is one order of magnitude larger than the other normal stresses and shear stresses in the FEA model. This is also validated by other modeling works considering a drop event [17, 18] . The maximum peeling stresses obtained from the PCB side of critical solder joints in the large and small square shield-can FEA models are compared in Fig. 18 . It is interesting to note that the small square shield-can shows lower tensile stress (positive peaks) despite the higher global out-of-plane deformation. More detailed reasons will be discussed in the following section. Since the overstress of solder joints is believed to be the major driver of package failure during the drop impact, the higher tensile stress is more prone to initialize the crack of solder joints, which explains why the small square shield-can (with a maximum Sz of 234 MPa) has a longer characteristic life than the large one (with a maximum Sz of 306 MPa).
As illustrated in Fig. 19 , the local deformation is defined as the relative out-of-plane deformation of the PCB within the shield-can area while the global deformation represents the overall behavior of the entire PCB. When the shock table hits the strike surface (Fig. 1) , the PCB bends downward due to the inertia load and then the shield-can collides onto the shock table. During the impact, a large mount of impact force transmitted through the shield-can to the local PCB within the shield-can makes the local PCB instantly bend up, which explains why a bounce up is shown (see Fig. 20 ) in the global deformation curve. Thereafter, the flexural oscillation of the local PCB was excited at a much higher frequency, as shown in the time-history data of the local out-of-plane deformation (see Fig. 20 ). Since the solder joint interfacial failure is mainly induced by the relative motion between the PCB and the attached components during its bending process after impact, the local flexural oscillation is more crucial to the reliability of the package than the PCB's global behavior. According to Figs. 18 and 20, the local deformation of the small shield-can is smaller than large the shield-can, as well as the maximum peeling stress. Therefore, the small sized shield-can stiffens the localized area around the package, lowering its out-of-plane deformation, and increases the impact life of the package.
Drop Impact Life Prediction
Model. The FE model is well validated in terms of the dynamic responses of the PCB during the board-level drop impact. The impact life prediction model is then proposed to evaluate the drop impact reliability.
The maximum peeling stress of the critical solder obtained from the FEA models are listed in Table 4 . A power law was applied to correlate the maximum peeling stress of the critical solder with the impact life [3] N 63 ¼ C 1 r C2 z (2) where N 63 is the characteristic life, r z is the maximum peeling stress (MPa) in the critical solder joint, C 1 and C 2 are the correlation constants, 2.4318 Â 10 10 and À3.2784, respectively (see Fig. 21 ). It should be noted that the correlation constants used in the drop impact life prediction model are model and tester dependent. However, the relative comparison of the impact performance based on the impact life prediction model should still be valid [3] . It shows good correlation between the predicted impact life and the drop test results since the uncertainty in the impact life predictions is within 65% (see Table 4 ).
Conclusions
The dynamic responses of a PCB under the board-level drop test were investigated with the aid of a noncontact full-field optical measurement technique, the digital image correlation.
The effects of the shield-can design and size were experimentally analyzed. The shield-can, which acts as a mechanical support to the PCB, limits the PCB deflection to reduce its deformation during and after the drop impact. Moreover, the small polygon shaped shield-can is found to be more effective in lowering the flexural oscillation of the local PCB and increases the impact reliability of the package.
A 3D FEA model has been constructed to analyze the dynamic responses of the PCB using ANSYS/LS-DYNA. The validated FE model shows that the small sized shield-can stiffens the localized area around the package by lowering the local deformation, which is directly related to the maximum peeling stress. 
